-The economic and environmental performance of a wind power generation system is assessed via input-output analysis.
Hybrid input-output 
HIGHLIGHTS
-The economic and environmental performance of a wind power generation system is assessed via input-output analysis.
-Existing input-output tables are improved to undertake a detailed analysis of a wind power generation system.
-Installation of a wind power generation system increases production and added value in various industries.
-The net value of production and added value is positive, but there are some negative effects in the conventional power sector.
-Installation of a wind power generation system supports reductions in energy consumption and CO2 emissions. 
Introduction
In recent years, installation of renewable energy infrastructure has been encouraged in many countries as a way to respond to problems of global warming, environmental pollution, resource depletion, and energy security, which also affects the economy [1] [2] [3] [4] [5] . Wind power, one renewable energy option, is an attractive and clean source of energy, with environmentally friendly production yielding "green" power, so many institutions promote the use of wind power [2] [6]. However, manufacturing and constructing wind power generation systems have an indirect environmental burden [7] [8] [9] [10] [11] [12] [13] [14] . As such, it is necessary to investigate the environmental impacts of the entire lifecycle of this renewable power generation system: manufacturing, construction, operation, maintenance, and disposal.
Lifecycle assessment (LCA) is a useful method for analyzing the full environmental burden of a product or technology [15] [16] [17] [18] [19] . Brazil and in Germany using the hybrid LCI approach [22] .
The present study aims to apply this methodology to undertake an inventory analysis of wind power generation systems.
The purpose of this study is to provide a comprehensive analysis of the environmental, energy, and economic impacts of installing a wind power generation system. I-O analysis is used to analyze the direct and indirect effects on each industry within a given society over all lifecycle stages of the system. A number of previous studies into LCAs of wind power generation focus only on environmental burdens including energy consumption.
Therefore, we evaluate socioeconomic and environmental impacts of a wind power generation system using our proposed hybrid I-O analysis. As the existing I-O table is not well adapted for analyzing a specific power generation system, the table is improved by including process data for the system. The following section describes the method, and Section 3 presents the data. Section 4 provides the results, and Section 5 concludes.
Methodology
In It is possible to analyze linkage effects between industries using a Leontief inverse matrix. The linkage effects are defined with reference to [28] and are used to examine industry characteristics with an I-O analysis in previous studies [29] [30] [31] [32] [33] [34] . The sum of the j column elements in the Leontief inverse matrix represents the production-induced effects on all industrial sectors, including its own sector, when there is an increase in final demand of one unit in sector j. A backward linkage exists in any influential industry, ej is developed to identify which industrial final demand increases affect induced production, as represented by equation (2) .
On the other hand, the sum of the i row elements in the Leontief inverse matrix represents the total production-induced effects supplied by sector i when there are increases in final demand of one unit per sector. A forward linkage contained in a high-sensitivity industry, ri is developed to identify which industrial sectors are susceptible to other industrial production activities and is defined in equation (3).
In equations (2) and (3), bij is an element of the Leontief inverse matrix.
By plotting the backward linkage on the x axis, the forward linkage on the y axis, and 1 at the origin, it is possible to visualize the characteristics of each industry, as shown in Fig. 1 .
The amount of domestic production induced by final demand can be divided into intermediate demand and added value. Equation (4) represents the added value R associated with each sector's domestic production.
In this equation, P is a matrix of added value coefficients.
The amount of industry-wide energy consumption and environmental impact generated from an arbitrary level of final demand for the industry output is calculated via equation (5). (5) In this equation, Renergy is a vector of energy consumption,
Penergy is a matrix of energy consumption coefficients, RCO2
is a vector of CO2 emissions, and PCO2 is a matrix of CO2 emissions coefficients.
The energy consumption coefficients and CO2
emissions coefficients for each sector are taken from a database [35] and represent energy consumption and environmental impact per unit of output in each industry. It is noted that equations (1)- (5) are exiting methods from previous studies.
Hybrid I-O analysis
The I-O [41] . Using these mathematical models, this study proposes equation (6). 
Data
The data on wind power generation systems (i.e., installations) are the product and process LCA data from a V82-1.65 MW Vestas Wind System A/S [42, 43] . The wind turbines used to generate power in Japan include units produced domestically and imported from overseas (e.g., from Denmark, Germany, and China). Among these providers, Vestas, a Danish company, has reported data on both the product and construction materials of wind power generation systems based on the ISO14044 standard that contains detailed and transparent analysis. This study references this report to determine the specifications of the wind power generation system, as shown in Tables 1 and 2 .
Development of new sectors
To conduct the analysis, we extend the I-O table with new services and components related to a wind power generation systems, such as "Tower," "Nacelle," "Rotor,"
"Cables," "Transformer," "Foundation," and "Wind power utility" based on the system process data.
The sectors related to wind turbine manufacturing and construction (i.e., "Tower," "Nacelle,"
"Rotor," "Cables," "Transformer," and "Foundation") are defined as expressing the I-O configuration for manufacturing and construction of the system components.
In contrast, the "Wind power utility" sector captures the system's operation, electricity generation, and power transmission to each industrial sector. Domestic production of the sector was estimated based on electricity prices and the total amount of power generated annually by the system (2.89 GWh, which is assumed to correspond to a capacity factor of 20%). The unit price of wind power is fixed and was defined by the feed-in tariff (FIT) for renewable energy, as regulated under government energy policy in 2012 (23.76 JPY/kWh). As a result, the value of domestic production was calculated as 68.68 million JPY. Matrix A* has 7 rows and 7 columns and we assume it is a zero matrix, based on the assumption that sectors related to wind turbine manufacturing and construction do not trade materials or commodities with each other. C u has 404 rows and 7 columns and includes calculations for sectors related to manufacturing and construction (i.e., "Tower," "Nacelle," "Rotor," "Cables,"
The input coefficient matrix in the hybrid model
"Transformer" and "Foundation"). These numbers are The amount of electricity generated by wind power is distributed in proportion to these rates. Electricity is regarded as a uniform product, whether generated by the conventional power sector or the wind power sector. Therefore, domestic electricity produced by the conventional power sector is substituted with that from the new wind power sector. In terms of the wind power sector, electricity generated is purchased at the FIT price; this becomes a negative effect induced by the difference in electricity price between the wind power [25] . It should be noted that the wind turbine manufacturing and construction sectors are based on single-year analyses, whereas the wind power sector overall refers to a 20-year analysis that considers the system's lifetime. Therefore, the output of the wind power sector is converted to its current value with an assumed discount rate of 3%. These conditions are then reflected in the results of this study.
Results and Discussion

Economic effects
The analysis using the newly developed I-O table, Although there are both large and small induced effects, a range of industries experience economic ripple effects in terms of both production and added value. Despite this indirect effect, the largest induced effect was on the Iron and steel sector, which represented 15% of total production and 11% of total added value. This is because steel materials are used to make many of the components of the wind power generation system.
Comparing Fig. 3(a) and Fig. 3 
Energy and environmental effects
The amount of energy consumption and CO2 emissions induced from manufacturing, construction, and operations were estimated to be 16 TJ and 1,316 t CO2, respectively, mostly from manufacturing and construction. 
Conclusion
In this study, new sectors related to wind power generation systems were added to an I-O table that was 
